Leg problems have become more frequent in fast-growing turkeys. The objective of this study was to evaluate the effects of common leg defects on kinetic parameters of gait and biomechanical properties of bone. Nine hundred, day-old, male, Large White turkeys were raised in 48 floor pens. At 42 d of age, turkeys were divided into four categories of leg condition as determined by visual evaluation: Normal, Crooked toes, Shaky legs, and Valgus. Fifteen toms were selected from each group and trained to walk on a pressure sensitive walkway. Gait kinetic data were collected at 92, 115 and 144 d of age. At 145 d of age, turkeys were sacrificed and bones were collected and frozen until analysis. Morphological measurements of femur, tibia and tarsus-metatarsus were recorded. Bone mineral density (BMD) and content (BMC) were obtained using DEXA. Bone strength of tibias was evaluated using a four-point bending test and femurs with a torsion test. ANOVA was used to detect differences among groups, and Tukey's test used for mean separation. There were no differences in BW among different leg conditions. Gait parameters changed as turkeys aged, and age-group interactions were observed on peak vertical force (PVF), contact time, step length (SL) and bipedal cycle. No differences (P > 0.05) were detected in morphological measurements of femur or tibia. Relative asymmetry of femur length was lower (P < 0.05) in Normal and Valgus turkeys than in toms with Crooked toes. There were no differences (P > 0.05) among groups for femur BMD, BMC or strength. Tibia BMD and the area moment of inertia of turkeys with Crooked toes were lower (P < 0.05) than in toms with Valgus. With all four leg conditions, femur strength was positively correlated with PVF and negatively correlated with SL; BMD and BMC were correlated with tibia strength and gait kinetic parameters. In conclusion, only crooked toes caused consistent differences in gait patterns, bone properties and bone strength, but in general, gait kinetics was correlated with bone biomechanics in turkeys.
INTRODUCTION
Walking ability in meat poultry is important to animal welfare (Mench, 2004) . It is also critical for ensuring food safety and achieving optimum flock performance, because locomotion affects energy expenditure (Corr et al., 1998; Paxton et al., 2013) . Unfortunately, lameness, bone fractures and leg abnormalities are common in turkey production (Swalander, 2012) . Broken bones are an issue during grow out (Vaillancourt et al., 2000; Ferket et al., 2008) and for processing (Petracci et al., 2006) . Skeletal problems has been an issue for many years; Lilburn (1994) estimated that common and important causes of disease and mortality (Dr. Steven Clark, personal communication) . This makes the reduction of locomotion problems a major objective for producers (Vaillancourt et al., 2000; Ferket et al., 2008) . However, it has been difficult to find solutions that reduce leg problems without decreasing turkey BW gain. This problem is exacerbated by the fact that the etiology of leg problems in turkeys is multifactorial and very complex (Nestor and Emmerson, 1990; Ferket et al., 2008; Oviedo-Rondón, 2009 ). Leg problems and walking disabilities can be influenced by infectious diseases, genetics, nutrition, gut health, behavior, body conformation, rearing conditions, and lighting programs (Nestor and Emmerson, 1990; Abourachid, 1991 Abourachid, , 1993 Ferket et al., 2008; Nääs et al., 2009; Oviedo-Rondón, 2009 ). Among all of these factors, genetic selection for better gait and morphological characteristics may have the biggest impact on minimizing these locomotion problems (Corr et al., 1998; 2007; Paxton et al., 2013) .
In commercial production, poultry must be able to walk to access feed and water and move to avoid scratches from other birds (Corr et al., 1998; OviedoRondón, 2009 ). The forces imposed on bones during daily locomotion affect bone development which means changes in gait can impact bone strength, morphology, and biomechanics (Corr et al., 1998 (Corr et al., , 2003a (Corr et al., , 2003c Berk and Hahn, 2010; Paxton et al., 2013; Tickle et al., 2014) . Conversely, bone disorders that affect bone structure and development can induce changes in gait, making it difficult to determine if the primary cause of a leg problem is a bone disorder or a gait modification.
Traditionally, gait scores have been used to evaluate walking ability of poultry flocks (Garner et al., 2002; Kestin et al., 2002; Da Costa et al., 2014) , but gait scores cannot quantify or differentiate among the forces imposed on legs that are directly associated with bone strength (Corr et al., 1998; 2003b , 2003c . Gait scores are suitable to compare leg-associated abnormalities or pathologies, but only when large numbers of birds are used (Sandilands et al., 2011) . They cannot, however, discriminate lameness type or identify the specific gait parameter(s) affected in an individual (Caplen et al., 2012) . Gait scores have a low correlation (Swalander, 2012) with specific bone issues and many times a relationship cannot be established at all (Fernandes et al., 2012) . Consequently, methods that evaluate differences in gait biomechanics of individuals can be more suitable to determine the fitness of specific turkeys for genetic selection programs (Corr et al., 1998 (Corr et al., , 2003a (Corr et al., , 2007 Whittle, 2007; Caplen et al., 2012; Paxton et al., 2013) .
These gait analysis methods involve measuring the forces involved in walking (kinetics) and the study of motion, also called kinematics (Whittle, 2007) . It is important to quantify the relationship between gait and leg abnormalities as turkeys grow, and bone strength at processing age in order to identify factors that could be used as parameters for genetic selection to minimize these issues. This study focused on establishing the relationships between common leg problems, gait parameters, and bone strength.
To study gait parameters, kinetic data for mammals (Dogan et al., 1991; Massat and Vasseur, 1994; Budsberg et al., 1996) and poultry (Corr et al., 1998 (Corr et al., , 2003b (Corr et al., , 2007 Paxton et al., 2013) have been collected using force plates and piezoelectric pressure-sensing mats (Nääs et al., 2009) . Recently, there have been reports of the use of pressure sensitive walkways (PSW) to evaluate gate parameters in dogs and cats Romans et al., 2004; Lascelles et al., 2006 Lascelles et al., , 2007 Robinson et al., 2007) , broilers (Nääs et al., 2009) , and turkeys (Oviedo-Rondón et al., 2017) . These pressure platforms have the advantage of being portable and suitable for a variety of sizes of animal subjects. Different from force plates, PSW can be used to obtain temporal-spatial kinematic information from gait. The temporal kinematic parameters that can be obtained with PSW include velocity and acceleration, which are important for correcting the variability of all other kinetic data, and the duration of the whole gait cycle with time spent in the stance, swing, and double contact phases (Whittle, 2007) . Kinetic data recorded with PSW include all ground forces that animals impose on the leg during each step. This experiment utilized a custom-built PSW whose design has been described in previous experiments with dogs and cats (Lascelles et al., 2006 (Lascelles et al., , 2007 and turkeys (Oviedo-Rondón et al., 2017) . Additionally, several morphometric properties of the femur, tibia, and tarsus-metatarsus were measured in order to effectively assess how bone biomechanics were correlated with the quantitative data obtained with the PSW. Overall, the objective of this experiment was to determine the effects of common leg defects of turkeys on both kinetic and kinematic parameters of gait as turkeys grow and on bone biomechanical properties at processing age.
MATERIALS AND METHODS
This study was conducted with experimental procedures approved by the North Carolina State University Animal Care and Use Committee. All euthanasia and husbandry practices were conducted with full consideration of animal welfare.
Treatments
Nine hundred, day old, male, Large White turkeys from a Nicholas strain were obtained from a commercial hatchery (Sleepy Creek Hatchery, Goldsboro, NC) and randomly assigned among 48 floor pens with 18 male turkeys per 7.8 m 2 pen for a density of 2.31 birds/m 2 . Each replicate pen was equipped with 1 tube feeder, one bell drinker (Plasson Industries Ltd.), and soft pine shavings as litter. At six wk of age, leg health of turkeys was visually evaluated, and turkeys were divided into four mutually exclusive groups according to leg and gait traits: 1) Normal, 2) Crooked toes, 3) "Shaky Leg" and 4) Valgus (Ferket et al., 2008; Da Costa et al., 2014) . These defects were present in either one or the two legs, but only turkeys with a single defect type were selected for each group. These individuals were evaluated four different times by five experienced observers. Toms selected as Normal did not have any defects on legs, feet, or changes on gait. Turkeys with crooked toes had at least two curled toes in one leg and walk on the sides of their feet. Toms with the shaky leg syndrome stand on toes shaking or quivering legs after rising. Turkeys with valgus deformity of the knee had the distal part of the leg below the knee deviated outward, resulting in a knock-kneed appearance. Fifteen toms were selected for each group and moved to separate pens, one for each group, since each pen only can hold 15 turkeys. All pen conditions were maintained similar for all groups. The remaining 815 toms were used for other experiment and only these 60 individuals were subjected to gait analysis. Leg defects were reevaluated each time gait kinetic data were collected. Because some turkeys did not have the same leg defect throughout the experiment and four died, data from only 12 toms representing each group were used for final statistical analysis.
Turkey Husbandry
All toms were raised according to typical management practices and, in each dietary phase, fed the same diet (Table 1) which was formulated according to genetic line recommendations. The feed was offered in crumble form until turkeys were six wk of age and four mm pellets thereafter until market age of 21 wk to simulate industry conditions.
Measurement of Gait Kinetic Parameters
Data were collected at 92, 115 and 144 d of age at one end of the turkey house with the PSW placed within a rectangular walkway bounded by wire and wood fencing to give toms a familiar environment (Oviedo-Rondón et al., 2017) . The PSW was bounded by plexiglass on either side, allowing the operators to see the walkway and turkeys to observe familiar surroundings within the turkey house (Figure 1 ). The PSW system (7100 QL Virtual Sensor 4 Mat System, Tekscan, Boston, MA) used in this study has been previously described (Lascelles et al., 2006; Oviedo-Rondón et al., 2017) . It consisted of a custom-built combination of 4 highresolution sensors connected together to create a single low-profile 2 m × 0.5 m × 0.005 m pressure platform that was connected to a dedicated laptop computer via a 32-bit 2-slot card bus to a peripheral component interconnect (Magma, San Diego, CA, USA). Output data were analyzed with proprietary software (I-Scan 5.231, Tekscan, Boston, MA, USA). Data were recorded as frames in a movie-like format. Each frame contained information about the pressure profile on the mat, and when the frames were combined, the information was given in relation to time. The PSW was conditioned and equilibrated each day, as per manufacturer instructions, prior to calibration. Each section of the PSW was calibrated individually by having a human weighing approximately 60 kg step onto each section in turn using both feet with a delay of 5 s from first step to calibration. The sampling rate was 47 frames/s, and the duration of data acquisition was 600 frames for standing data.
On at least two occasions and maximum five times, during the two wk period prior to each of the data collection dates, turkeys were individually acclimatized to the room and walkway for 30 min each time. Additionally, each turkey was walked across the PSW a sufficient number of times prior to recording data in order to make sure the turkeys walked freely across the PSW as naturally as possible without being prodded by any means and only guided in the corridor by a person walking slowly behind each turkey (Figure 1 ). Movies were retained, or rejected, based on visual inspection of the movement of the turkey across the mat and review of the movie data set; a movie was rejected if toms didn't move across the mat in a straight line without stepping off the mat, stopping or jumping. Whenever a movie was rejected, the turkey was walked across the PSW again to complete the number of replicates. For each bird, a minimum of ten acceptable movies (data sets) of kinetic data (walking data) with at least four full step cycles each were collected for further analysis.
Data collected from the PSW were analyzed to obtain kinetic parameters (Figure 2 ). Each turkey's speed and acceleration was calculated using measurements made from the PSW data. Because the velocity and acceleration of turkeys couldn't be controlled as they walked across the mat, variation in these parameters was included in the statistical analyses as covariates (Whittle, 2007) . The fraction of the total stride cycle during which the foot was in contact with the ground, hereafter called the duty factor, was calculated for each step by dividing the foot contact time (CT) by the duration of the stride cycle (Gatesy and Biewener, 1991; Paxton et al., 2013) . Peak vertical force (PVF), vertical impulse (VI), CT, and peak and mean contact area (PCA and MCA, respectively) were calculated for each limb. The values of PVF and VI were normalized for BW by expressing each value as a percentage of individual BW (PVF%BW and VI%BW) recorded each time (age) data were collected.
Step length (SL), width (SW), and the angle of orientation of the foot, or step angle, (SA) in reference to the direction of travel were measured (Lascelles et al., 2006 (Lascelles et al., , 2007 Corr et al., 2007) . Additionally, the mean gait or total bipedal cycle was characterized as the percentage of stance, swing, and double contact (Corr et al., 2003c (Corr et al., , 2007 Whittle, 2007). Data for each leg were analyzed separately and whenever there wasn't a significant differences between legs, the data were averaged to simplify presentation and discussion of results.
Bone Analyses
At 145 d of age, all toms were sacrificed and legs were collected and frozen until analysis. Weights and morphological measurements like length, thinness, diameter, perimeter and angle of the femur, tibia and tarsusmetatarsus were recorded using electronic calipers with a precision of 0.01 mm. Relative asymmetry (RA) of bilateral traits was defined as (|R -L|/[(R + L)]/2) × 100 (Møller et al., 1999) . Bone mineral density (BMD) and bone mineral content (BMC) were evaluated with dual-energy x-ray absorptiometry (DEXA). DEXA images were also used to calculate the diaphyseal curvature from the medial edge of the femur on the craniocaudal view as the angle formed between the 1/4 and 3/4 levels with the vertex at the 1/2 level.
Bone strength was evaluated with methods previously used in turkeys (Ferket et al., 2009; OviedoRondón et al., 2017) . Tibia strength was evaluated by a four-point bending test whereas femur strength was evaluated in a torsion test, because the bones differ in type of forces applied. The bending properties of turkey tibia were tested by 4-point bending using an axial servo-hydraulic load frame (858 Mini Bionix II, MTS Systems Inc., Minneapolis, MN). Tibias were assumed to have a hollow elliptical cross section with a uniform wall thickness. The diameter of both the major axis (medial-lateral direction) and the minor axis (frontalcaudal direction) were measured, and the bone strength of tibia were tested with the resulting moment applied about the medial-lateral axis. Four-point bending tests were carried out with a lower support span of 160 mm. The load was applied through 2 upper supports spaced 76.5 mm apart at a loading rate of 30 mm/min to failure (Ferket et al., 2009 ). The cortical wall thickness was measured at four consistent points along the cross section on each side of the failure and then averaged to determine the average thickness. The force and displacement at the point of application of the force were recorded.
The biomechanical parameters were calculated according to the following formulas:
Area moment of Inertia (I x ) I x = 1 4 π (r major ) (r min or ) 3 − (r major − t) × (r min or − t) 3 r major -radius of the major axis of the ellipse forming the outer cortical boundary. This is the axis about which bending is taking place.
r minor -radius of the minor axis of the ellipse forming the outer cortical boundary. t -average cortical thickness. The applied moment (M) for four-point bending: Torsional properties of turkey femora were tested using an axial-torsion servo-hydraulic load frame (858 Mini Bionix II, MTS Systems Inc., Minneapolis, MN). Femora were assumed to have a hollow elliptical cross section with inner and outer edges forming similar ellipses. The ends of the femora were potted in epoxy (Bondo, Bondo Corporation, Atlanta, GA) to allow them to be secured into the load frame. Before they were potted, screws were driven into the proximal and distal ends of the bones, leaving approximately 10 mm of the screw shaft exposed to help ensure that the ends of the bones were tightly held within the epoxy. The distal end was held in a fixed in the load frame, and the proximal end was rotated in an external rotation at a rate of 10
• /sec until failure. The applied torque at failure and the angular displacement were recorded. Cortical wall thicknesses were measured in the same way as was done for tibia, and the radii of the inner ellipses used to model the cross section of the bones were calculated so that the average distance between outer and inner ellipse cortical boundaries matched the averaged measured thickness. The different biomechanical parameters were calculated according to the following formulas:
Maximum Shear Stress (τ max ):
For similar ellipses: inner elliptical boundary = k * (outer elliptical boundary)
Statistical Analyses
For all variables, individual turkeys served as the experimental unit. Bone data were analyzed using a completely randomized design with four treatments and 12 replicates per treatment. Bone data for each leg were analyzed separately as well as the averages. In gait analysis, each limb was analyzed separately, and if effects of the factors evaluated were similar, the values of both legs were averaged. All percentage data were transformed by using best Box-Cox transformation procedure (JMP 12.0, SAS). A principal component analysis was used to determine the gait variables that best explained the observed variability among all individuals (JMP 12.0, SAS). The following statistical model was used for the analysis of selected responses on each individual turkey as a function of velocity and acceleration:
Where i = 1, 2, 3, 4 experimental groups of leg conditions (Normal, Crooked toes, "Shaky Leg" and Valgus); j = 1, 2, 3 age (92, 115, 144d); k = 1, 2, . . . , 15 n ij turkey toms; l = 1, 2, . . . ,10 m ijk repetitions of each walk for each individual tom at each age period.
Considering the experimental setting, the following statistical model was used to analyze the effects of group (leg condition), age (d), and their interactions, and the effects of and their interactions with the experimental factors on the responses as fixed-effect factors. The effects of each tom nested within each treatment were considered random. The following was the statistical model used:
Where y ij k l is the response variable, and μ is the overall constant; γ i is the effect of experimental group (leg condition), i = 1, 2, . . . 4; η j is the effect of age level (j = 1, . . . , 3); τ η ij is the interaction effect of leg condition at each age level; β 1V is the linear effect of velocity, j = 1, 2; β 1A is the linear effect of acceleration; β 2γ V , β 2η V , β 3γ η V are the effects of interaction between velocity and experimental factors; β 2γ A , β 2η A , β 3γ η A are the effects of interaction between acceleration and experimental factors; d ik are random effects associated with toms nested within each experimental (leg condition) group; m ij k are random effects associated with birds measured repeatedly at each age level, nested within each experimental (condition) group; e ij k l is the random effect associated to l th measurement for the k th individual in the j th age level and i th experimental (leg condition) group. All tests were carried out using level of significance (P < 0.05). Measurements were analyzed with SAS R procedure PROC MIXED (SAS, 2006) to account for the repeated measures structure of the data, random effects associated with birds nested within each experimental group, bird * age variation and test repetitions for each individual bird at each trial and -unbalanced design because of the loss of observational units due to mortality. Tukey's multiple mean comparison test at ∝ = 0.05 was used to control the experiment wise error rate for pairwise comparisons of treatment means. Linear regression analyses were used to determine the relationship between velocity and duty factor. Pair wise correlations (JMP 12.0, SAS) were evaluated for all bone and gait variables, and they were accepted as valid only when those correlations were significant at P < 0.05 for both limbs.
RESULTS AND DISCUSSION
Turkey toms with similar BW at six wk of age (Table 2 ) were compared in this experiment. These turkeys were clustered at 42 d of age in four groups according to visible leg traits as Normal, Crooked toes, Shaky legs and Valgus. Turkeys that did not have the same leg traits until the end of the experiment were eliminated from their group and finally data of 12 toms per group were evaluated.
Kinetic and Kinematic Gait Variables
The data collected with the PSW helped to quantify kinetic ground forces and perform kinematic descriptions of gait (Tables 2-5 ). The principal component analyses helped to determine the factors to include in the final model to use. Contrary to observations made in broilers (Corr et al., 2007; Paxton et al., 2013) , turkeys tended to walk in straight line across the mat so less than 30% of the total data collected had to be excluded from analyses, a considerably lower amount than the 60% reported for broilers (Paxton et al., 2013) . Leg condition of turkeys had a significant effect on gait velocity (Table 2 ) at 115 d (P < 0.05), and on acceleration at 144 d (P = 0.05). Contrary to expected toms with Valgus had speeds similar to those with Shaky legs and Normal turkeys, but faster than turkeys with Crooked toes (P < 0.05). For velocities averaged over the duration of the experiment, velocities of turkeys with Shaky legs as well as Valgus were significantly higher than turkeys with Crooked toes (P < 0.001). In fast growing chickens, slower velocities at a walk serve to increase dynamic stability (Corr et al., 2003c; Paxton et al., 2013) . However, despite this compensatory mechanism, the slower gait observed in toms with Crooked toes may indicate high instability during the gait cycle that may increase their energy costs during locomotion (Gatesy and Biewener, 1991; Whittle, 2007) . Normal turkeys had a narrower (P < 0.05) range of velocities at 144 d, indicating that fewer individuals slowed down gait speed as they aged in this group (Table 2) . The average velocity of turkeys was 45 to 50% higher than that observed in broilers by Corr et al. (2007) and Paxton et al. (2013) , but similar to the velocity measured in turkeys of similar age and genetics in a previous experiment (Oviedo-Rondón et al., 2017). Acceleration values were extremely variable with half the values of the coefficient of variation exceeding the maximum value for velocity (28%). At 92 d of age, the average duty factor of Normal toms was 0.43 ± 0.05, and 0.41 ± 0.07, 0.40 ± 0.03 and 0.42 ± 0.07, respectively for Crooked toes, Shaky legs and Valgus (Figure 3) . These values are higher than those observed for Normal toms at 12 and 15 wk of age (0.36 ± 0.05) in a previous experiment (Oviedo-Rondón et al., 2017) . All of these values are lower than ones reported for broilers (Paxton et al., 2013) and other slow-walking animals including humans (Gatesy and Biewener, 1991) . Duty factor values lower than 0.50 have been reported for wild turkeys (BW = 5.69 kg) running with gait velocities greater than 3 m s −1 (Gatesy and Biewener, 1991) and for broilers (BW < 3.5 kg; Paxton et al., 2013) . In a previous experiment, Oviedo-Rondón et al. (2017) concluded that the average duty factor of healthy toms (Normal) was 0.78 ± 0.08 at 6.5 wk (7.1 kg), but reduced drastically to less than 0.50 as turkeys aged and became heavier (>11.5 kg). In this study, all toms, independent of leg condition, walking at a mean velocity less than 1.0 m s −1 , kept their feet in contact with the ground for a shorter amount of time when they were heavier (>10.5 kg). It could be speculated that to increase efficiency of gait and minimize mechanical costs of locomotion with heavier body mass, modern toms have adapted to minimize foot contact with the ground during strides. Such an adaptation of gait may impact bone development and strength, because it reduces the forces applied to leg bones (Corr et al., 2003b; Caplen et al., 2012; Paxton et al., 2013) . Mechanical loading is one of the main regulatory factors in bone remodeling. Mechanical stress improves bone strength by influencing collagen alignment as new bone is being formed. In regions of predominant compressive stresses, fibers are more likely to be aligned transverse to the long axis (Kini and Nandeesh, 2012) . It has been reported that walking exercise affects bone density in turkeys (Berk and Hahn, 2010) .
Duty factors decreased as turkeys aged (P < 0.05), and the relationship between velocity (m s −1 ) and duty factor for each age period are presented in Figure 3 . Contrary to expectation, Normal toms at 115 d were the only group that had a negative (P < 0.05) relationship between velocity and duty factor as velocity increased between 0.2 and 0.8 m s −1 . The general graphical pattern is for duty factor to decrease as velocity increased (Gatesy and Biewener, 1991; Corr et al., 1998 Corr et al., , 2003a Paxton et al., 2013) . The greater variability in duty factors of toms (Figure 3 ) with leg conditions might be responsible for why these relationships were not significant.
Two-way interactions (Table 3) between leg condition and turkey age were observed on PVF (P < 0.05) and CT (P < 0.001). The VI (%BW) increased at 115 d of age and peak vertical force (PVF) at 144 d. PVF and vertical impulse (VI) were also affected by interaction effects between acceleration and age (P < 0.05) and a three-way interaction between velocity, leg condition, and age (P < 0.05). At 92 and 115 d of age (Table 3) , the average PVF, independent of leg condition, produced by various parts of the footstep produced loads on the order of 132 to 135% of BW, which are slightly higher than PVF observed in broiler chickens (Corr et al., 2007; Paxton et al., 2013) , humans (Whittle, 2007) and healthy turkeys of similar age but greater BW (124 -127% of BW) in a previous study (OviedoRondón et al., 2017) . At 92 d (Table 3) , toms with Valgus had lower PVF than Crooked toe turkeys, while Normal and Shaky leg turkeys showed intermediate values. At 115 d, no differences (P > 0.05) among leg condition groups were observed on PVF. At 144 d, higher PVF (P < 0.05) were observed in Shaky leg toms (155% BW) when compared to Normal turkeys (140% BW) without being different from Crooked toes and Valgus turkeys. This indicated that the force with which the limb hit the ground in Shaky leg turkey was higher than normal in a possible attempt to maintain stability during walking. The average PVF observed in this study was higher (P < 0.05) in turkeys at 144 d (146% of BW) compared to previous time periods, but similar to the ones measured in a previous study (Oviedo-Rondón et al., 2017) for heavier (23.4 kg) healthy turkeys at 145 d of age (143% of BW). Typically with bipedal animals, loading should be evenly distributed between each leg. However, comparisons of PVF (%BW) for each leg indicate that toms with Crooked toes had asymmetry (P < 0.05) in the forces for each step at 92 d (Figure 4 ). An even higher degree of asymmetry (P < 0.05) in PVF was observed in turkeys with Valgus at 115 and 144 d (Figure 4) , whereas the Normal and Shaky leg turkeys had even PVF for both legs (P > 0.05) in all three evaluations (Table 3) . Asymmetry in the forces at each step have also been reported for lame broilers (Näss et al., 2009; Caplen et al., 2012; Paxton et al., 2013) or in turkey toms from genetic lines that exhibited more leg health issues (Oviedo-Rondón et al., 2017) . Asymmetries between the two legs can impose even more force in articulations, muscle and tendons that could cause more fatigue and pain (Corr et al., 2007; Oviedo-Rondón et al., 2017) .
The foot contact time (CT, seconds) was affected (Table 3) by age (P < 0.05) and velocity (P < 0.001). The average CT of all groups decreased from 115 d to 144 d. No difference (P > 0.05) in CT was observed among leg health groups at 92 d. However, the lowest CT was observed in turkeys with Crooked toes at 115 d and in Valgus turkeys at 144 d. While CT decreased in toms with Valgus from 115 to 144 d, it remained similar in Normal turkeys (0.94 vs. 0.90 s) and with slight, but not significant, variation in Crooked toes and Shaky leg groups. These CT for Normal turkeys are higher than observed in a previous study (0.75 s) for turkeys of similar weight at younger age (OviedoRondón et al., 2017) . Probably, higher environmental temperatures during this experiment also affected gait as affected growth. Turkeys in this experiment did not reach the BW observed in the previous experiment with Table 4 . Average step length, width and angle at 92, 115 and 144 d of age obtained with a pressure sensitive walkway in male turkeys with four leg health conditions.
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, 2017). Elevated temperatures (>27
• C) can make that turkeys walked slower and had more CT than at thermo neutral temperatures. In addition, mean contact area (MCA) and peak contact area (PCA) did not differ (P > 0.05) among groups, but increased with age (P < 0.001) in all groups from 0.50 ± 0.05 cm 2 at 92 d to 1.80 ± 0.05 cm 2 at 144 d, and from 11.18 ± 0.25 cm 2 at 92 d to 16.80 ± 0.23 cm 2 at 144 d, respectively. The increments in MCA and PCA are related to bigger size and weight of these toms as they age. Velocity of gait at each age (P < 0.001) affected MCA, but did not affect (P > 0.05) PCA.
Leg health issues changed (P < 0.01) SL (Table 4 ). The step length (SL) was longer in Normal turkeys compared to all the other groups. SL was affected by velocity (P < 0.001), and SW (P < 0.05) was affected by the interaction between velocity and leg health issue. No significant effects (P > 0.05) of leg health condition or age where observed on step width (SW), and none of the factors evaluated affected SA (P > 0.05). Adjusting SL is important to redistribute the center of mass during locomotion and prevent falling (Whittle, 2007; Paxton et al., 2013) . The clear difference between Normal toms and those with leg abnormalities indicated that those leg defects affected their stability during normal gait, independent of age (Caplen et al., 2012) .
In a previous study (Oviedo-Rondón et al., 2017) with healthy and heavier turkeys the SL was similar to the ones observed in this experiment, but SW and step angle (SA) increased as turkeys aged and became heavier.
The entire average bipedal cycle (Table 5 ) differed (P < 0.05) among groups of leg health conditions and also changed as toms aged (P < 0.05). Turkeys from the Crooked toes group had shorter gait cycles than Normal toms, while the others were intermediate. The gait cycle also became longer at 115 d compared to 92 d. Velocity affected the duration and distribution of gait cycle phases (stance %, swing % and double contact). Faster gait increased the swing time and reduced the stance. No changes (P > 0.05) on the distribution of the gait phases were detected due to age or among leg health groups. In a previous study (Oviedo-Rondón et al., 2017) , turkeys of different genetic lines increased the stance times and double contact, while decreased swing times as they aged and became heavier. As observed in broilers (Corr et al., 2003b , 2007 , Caplen et al., 2012 Paxton et al., 2013) and turkeys (OviedoRondón et al., 2017) , toms in the present experiment spent almost 75% of the time during the gait cycle on the stance phase with at least one of the feet on the ground, and almost 24% of the time on the swing phase with the foot moving forward through the air. There was also 25% of the cycle that can be considered double Means with different lowercase letter superscripts within a column differ significantly (P ≤ 0.05). A-C Means with different uppercase letter superscripts within a column correspond to significant differences among age (P < 0.05).
1 Average value for all leg defects in each age period. 2 Average per leg defect across all age periods evaluated. 3 Bipedal gait cycle (Corr et al., 2003c (Corr et al., , 2007 Whittle, 2007) .
contact or double support. The distribution of gait cycle phases observed was very similar to previous studies, but greater variability on velocity, acceleration, and gait patterns among individuals with leg conditions did not allow detecting differences among groups or as turkeys aged. Based on this data, it can be concluded that these leg defects did not affect the duration of the gait cycle phases, but turkeys with leg health issues have shorter steps.
Bone Biomechanics
In this experiment right and left leg bones were evaluated separately since relative asymmetry (RA) of gait and bone biomechanical properties have been reported (Näss et al., 2009; Paxton et al., 2013) . It is very common to report gait parameters per leg (Corr et al., 1998; 2003c; Whittle, 2007) and leg health conditions may affect one leg more than the other. No differences (P > 0.05) were detected in femur length, diameter and the diaphyseal curvature (Table 6 ). Significant asymmetries in femur length and 3/4 diameter were observed among the four groups evaluated (Table 6 ).
The RA of femur length was lower (P < 0.05) in Normal and Valgus toms than in turkeys with Crooked toes while Shaky leg toms were intermediate (Table 6 ). There were no differences (P > 0.05) for tibia morphological measurements (Table 7) among the turkeys with different leg conditions. There were no differences (P > 0.05) in femora bone mineral density and content (BMD and BMC) among groups (Table 8) . BMD of both tibias (P = 0.050 and P = 0.057) from Crooked toe turkeys were lower than in the other groups. Left tarsus-metatarsus BMC in Crooked toe and Shaky leg turkeys was lower (P < 0.05) than in the Normal and Valgus groups (Table 8) . In summary, leg defects observed early in life, such as Crooked toe and Shaky leg, affected either BMD or BMC of turkey tibia bones at 145 d of age.
No significant (P > 0.05) differences among groups were observed in the femur strength parameters evaluated in the torsion test (Table 9 ). The group with Valgus had a larger tibia area moment of inertia (Ix) in both right and left tibias (Table 10) , which implies structurally stronger tibias than turkeys in the Normal and Crooked toe groups and tibias with strength The regression lines were fitted for each leg condition group within each age period evaluated. These lines represent weak (r 2 between 0.05 and 0.10) and no significant (P > 0.05) relationships between duty factor and velocity, except for Normal turkeys at 115 d that showed a negative (P < 0.05) relationship. Turkeys with all other leg condition groups didn't show a significant relationship between duty factor and velocity. similar to the ones in the Shaky leg group. No differences (P < 0.05) were detected on tibia biomechanical properties, like max force and σ max (Table 10) , among the four groups evaluated.
The values for morphological variables, BMD, BMC, and the biomechanical parameters measured in fourpoint bending tests for tibias and torsion tests for femurs were similar to previous reports with variations due to BW and age. However, values observed in the present experiment indicated slightly weaker bones than the ones reported previously for 17 wk-old toms (Ferket et al., 2009) or toms of the same age, but heavier body mass (Oviedo-Rondón et al., 2017) .
Correlations between BMC and BMD with Bone Biomechanical Parameters
The BMC of each bone was highly correlated (r = 0.74 to 0.95) with BMC and BMD of the other leg bones within each tom (P < 0.001). However, these correlations among bones of the same turkey were not perfect (r ≤ 0.95). This may indicate that each leg bone may suffer different forces due to orientation that affect its mineralization in a different manner. Femur BMC and BMD were correlated (P < 0.05) with femur thickness (r = 0.49 to 0.55), but not with any of the torsion test parameters (Table 11) . Tibia BMC and BMD had (P < 0.01) medium to high correlations (r = 0.58 to 0.80) with moment and maximum force in the four-point bending test (Table 11 ). Only tibia BMD had a linear correlation (P < 0.01) with increased failure stress (σ max ) at 144 d. Consequently, these data suggested that increased BMC and BMD may increase tibia strength, but femur strength was not correlated (P > 0.05) with these two factors in the present study. This effect on femurs was also observed by other authors. Faruga et al. (2009) detected differences in BMC and BMD in femurs among turkey groups that these authors evaluated in a nutritional study. However, they could not detect significant differences among treatments in femur strength. Oviedo-Rondón et al. (2017) observed correlations of tibia BMC and BMD with bone strength, but no relationship was observed in femurs. (Møller et al., 1999) .
2 Diaphyseal curvature from the medial edge of the femur on the craniocaudal view as the angle formed between the 1/4 and 3/4 levels with the vertex at the 1/2 level.
Correlations between Bone and Gait Parameters
Femur, tibia and tarsus-metatarsus BMC, BMD and biomechanical parameters at 145 d had several significant correlations with gait kinetic parameters at 92, 115 and 145 d (Table 12) . SL was negatively correlated (r = -0.45 to -0.46) with femur BMC and BMD. This indicates that shorter steps were associated with increments in BMC and BMD in the same way that putting more force or weight on legs increases BMC and BMD. This is the reason that PCA (r = 0.39 to 0.54) at 92 and 115 d and PVF (r = 0.25 to 0.43) at 115 d and 144 d were positively correlated with femur BMC and BMD. Femur BMD was positively correlated (P < 0.05) with double contact % (r = 0.40 to 0.42) and stance % (Møller et al., 1999) . 2 Tarsus-metatarsus with tendons and skin.
(r = 0.39) and negatively correlated (P < 0.05) with swing % (r = −0.39) at 145 d. Femur torque max at failure and τ max were both positively correlated (P < 0.05) to PVF at 145 d (r = 0.54 to 0.62) while SL was negatively correlated (r = −0.53 to −0.71) with both parameters (Table 12 ). This may be an indication that periods of high loading (PVF, double contact, PCA, and stance) can strengthen femurs, but more swing during walking and longer SL were associated with less femur resistance to breakage on the torsion test. Tibia BMD and BMC were moderately correlated (r = 0.36 to 0.52) with PCA at 92 and 115 d. (Table 12 ). This indicated that for tibia strength, PCA was more important, but PVF and stance during the bipedal cycle affected BMD. These correlations confirm data previously reported (Oviedo-Rondón et al., 2017) .
General Discussion
Kinetic and kinematic gait parameters gave more insight to the differences among leg conditions and their evolution as turkeys aged than gait or leg scores. The velocity of toms with Valgus and Shaky legs was higher than those toms with Crooked toes, but velocity of these groups was not different from Normal turkeys. The duty factor indicated that only Normal toms decreased contact with ground as they increased velocity during the average gait cycle. All other toms with some visible leg abnormalities maintained constant the duty 1 Thickness = average thickness of the bone measured on the frontal, medial, caudal and lateral sides of the bone for the top and bottom portions of the bone after breaking.
2 Major axis = medial-lateral diameter. 3 Minor axis = frontal-caudal diameter. 4 Q = geometry parameter relating the applied torque to the resulting shear stress, calculated assuming a hollow ellipse with inside and outside boundaries represented by similar ellipses.
5 Torque max = maximum torque measured during the test. 6 τ max = maximum shear stress at failure assuming the inside and outside boundaries of the bone are similar ellipses with an assumed thickness of t-the average distance between the two ellipses.
7 Angle max = rotation in the bone at failure. factor independently of gait velocity. The average duty factors observed in this study for heavy Large White turkeys were half of those observed by other authors for lighter wild turkeys or broiler chickens, indicating an adaptation of gait to move heavier body mass and confirm prior observations (Oviedo-Rondón et al., 2017) . The PVF and VI (%BW) gave additional information on the forces going through the leg to the ground, and thus on the way the leg was being used. Lower force values can be observed with lameness due to pain and also with gait instability and higher forces can be detected in animals with abnormal gait patterns or moving at higher velocities where the limb is contacted with the ground more quickly and forcibly (Corr et al., 1998 (Corr et al., , 2007 Lascelles 2006 Lascelles , 2007 . Contact area and CT are expected to increase with some abnormal gait patterns and decrease with pain conditions (Dogan et al., 1991; Horstman et al., 2004) . PVF increased and CT decreased more in Valgus and Shaky leg toms as they aged, indicating abnormal gait patterns. The SL, SW and SA provided information on the gait pattern and thus the efficiency of the gait. Short SL, wide SW and large SA suggest an unsteady and inefficient gait pattern (Corr et al., 1998; Nääs et al., 2009; Lascelles 2006 Lascelles , 2007 . All toms with leg abnormalities ended up with shorter SL than Normal toms without significant changes on SW and SA. Potentially, this could lead to stress fractures or other bone pathologies (Lascelles, 2006 (Lascelles, , 2007 . Turkeys with Shaky legs differed in PVF from Normal, and toms with Valgus had less CT than Normal turkeys. Higher loads during walking, as measured by PVF, influenced the higher strength of the tibia (Ix) and higher BMD observed in Valgus and Shaky leg turkeys. However, turkeys in those groups had, along with the Crooked toes group, the lowest CT and shortest SL in the last gait evaluations at 145 d of age.
The angulation of the femorotibial articulation and muscular problems may cause a reduction in locomotor abilities in these turkey groups as they aged. Even though no significant differences among groups were detected in femur biomechanical properties, the significant negative correlation between femur τ max , torque max and SL confirmed a relationship between abnormal gait parameters and weaker bones. These correlations were higher than the ones reported by Swalander (2012) between gait scores and tibial dyschondroplasia (r = 0.35) in a large data analysis with 64,918 observations. In the present study, parameters of gait, measured as turkeys aged, correlated (P < 0.05) with bone traits at 145 d of age, while in other studies gait scores immediately before bone evaluations had no correlation with bone issues (Fernandes et al., 2012) .
There was no effect on σ max , indicating that the bones may be remodeling to ensure that appropriate failure stresses are maintained. Bones remodel to ensure that a constant level of failure stress is maintained. Therefore, while some animals overload their bones due to higher PVF or other factors, bone remodeling, as observed by higher BMC and BMD or a larger bone with a larger diameter, compensates for this to ensure that failure stress is maintained at a normal level (Kini and Nandeesh, 2012) . Together, this data confirm our previous conclusions based on studies with healthy turkeys of four genetic lines (Oviedo-Rondón et al., 2017) indicating that gait differences affected bone biomechanical parameters at slaughter age and provide important connection between visible leg abnormalities, gait patterns, and weak bones. This information would justify further investigation of gait analyses technology to improve genetic selection for better gait and bone strength. These turkeys of similar BW and nutrition, but showing four different phenotypic leg health conditions, differed in BMD and Ix of tibias and femur RA, but not in any other morphological or biomechanical bone properties. Turkeys from the Valgus group had higher tibia Ix, but similar BMD and femur RA compared to Normal turkeys. Turkeys with Valgus had similar Ix, BMD and RA to Shaky leg turkeys. Only Crooked toe turkeys had lower tibia Ix and BMD and higher femur RA than turkeys with Valgus.
It could be concluded that among the three leg problems evaluated, turkeys with Crooked toes had different gait parameters such as higher PVF asymmetry, shorter bipedal cycle and tended to have the lowest velocity, which was associated with more asymmetric and thinner femurs, and lower tibia BMD compared to Normal turkeys. Additionally, the significant correlations between gait kinetic and kinematic parameters, BMD, BMC and bone biomechanical parameters indicated the importance of locomotion on bone strength. The information collected in gait kinetic and kinematic studies could be used in genetic selection to better identify turkeys with desirable gait patterns that may aid to develop stronger bones.
